Abstract. The baseline concentration of C-reactive protein (CRP) has been associated with a wide array of human diseases. In epidemiological studies and in the clinic, CRP is typically measured as a pentamer, composed of 5 identical CRP subunits. The present study aimed to determine whether other isoforms were present in the blood by examining CRP conformations. Transgenic rats expressing human CRP under the mouse albumin promoter were generated and genotyped. Non-reducing western blotting was performed using the blood and tissues of transgenic rats and human patients. CRP concentrations in human blood were examined by enzyme-linked immunosorbent assay. In addition to the pentameric isoform, CRP was detected as a trimer and tetramer in the blood of human CRP transgenic rats. Furthermore, trimeric and tetrameric CRP was observed in various tissues, including aorta, liver, kidney, pancreas, heart and skeletal muscle. Notably, these two isoforms appeared to be age-associated, as they were detected only in the blood and tissues of older transgenic rats. The existence of additional CRP isoforms was confirmed in the blood of human patients by non-reducing western blotting. Clinical and epidemiological studies typically focus on CRP concentration. However, the results of the present study suggest that, in addition to concentration, CRP conformation may require analysis.
Introduction
C-reactive protein (CRP) is an acute phase protein synthesized primarily by the liver that is involved in the systemic response to inflammation and is regulated by cytokines like interleukin (IL)-6, IL-1β and tumor necrosis factor-α (1, 2) . In clinical practice, it has been used as a non-specific marker of inflammation and atherosclerotic cardiovascular disease. It is unknown if CRP plays an active role as an etiologic factor in cardiovascular disease. Some studies show that the effect of CRP on atherogenesis may include interactions with other factors of immunity and inflammation, such as the complement system, as well as a direct effect of CRP on the cells involved in atherosclerotic lesions (1, 2) . CRP has also shown value in predicting disease risk and assisting decision making on treatment for a series of diseases: Baseline CRP concentration has strong predictive and prognostic values for future cardiovascular events (3) (4) (5) . The Centers for Disease Control and Prevention and the American Heart Association reported that it is reasonable to measure CRP as an adjunct to the measurement of established risk factors in order to assess the risk of coronary heart disease (5).
High-sensitivity CRP (hsCRP) typically refers to the pentameric form of CRP, which is a cyclic structure comprised of 5 identical 21.5-kDa subunits (6) . Pentameric CRP (pCRP) has a recognition site that binds to phosphocholine and an effector site that binds to complement component C1q, Fcγ receptors or other putative CRP receptors (7) (8) (9) . In addition to pCRP, monomeric CRP (mCRP) has been detected in the intimal region of blood vessels in healthy human tissues and the atherosclerotic plaque, whereas pCRP was not observed in healthy or diseased arteries (10) (11) (12) (12) (13) (14) . Certain studies have indicated that pCRP and mCRP have opposing functions (11, (15) (16) (17) (18) . The aim of the present study was to investigate the conformations of human CRP in humans and transgenic rats. The present study revealed, to the best of our knowledge for the first time, that human CRP may be naturally present in other multimeric isoforms, the trimer and tetramer. Notably, the appearance of these additional isoforms appears to be age-associated. The existence of different isoforms in different tissues may facilitate understanding of the functional impact of CRP in cardiovascular disease. In addition, when measuring CRP in the clinic, it may be useful to analyze the conformational structures.
Materials and methods
Ethics statement. All animal experiments were performed with the approval of the Animal Care Committee of the Universities of Morehouse School of Medicine (Atlanta, GA, USA), and conformed to the Guide for the Care and Use of Laboratory Animals produced by the National Institutes of Health (Bethesda, MD, USA). The present study meets the ARRIVE guidelines requirements for reporting (www.nc3rs. org.uk/arrive-guidelines). Animals were housed in the Center for Laboratory Animal Resources of Morehouse School of Medicine. Transgenic CRP rats were maintained under a 12-h light-dark cycle with ad libitum access to water and a standard rat chow diet (Laboratory Rodent Diet 5001; LabDiet, St. Louis, MO, USA). The animal room temperature was maintained at 22±3˚C, relative humidity was held at 30-70%, and air was exchanged 15 times/h.
The informed consent procedure of human experiments applied at the First Affiliated Hospital of Xi'an Jiaotong University (Xi'an, China) was in accordance with the approved guidelines. The present study was approved by the Institutional Review Board of Xi'an Jiaotong University, and written informed consent was obtained from patients.
Generation and genotyping of albumin-human CRP (ALB-hCRP) transgenic rats.
A fragment containing 21 nucleotides upstream to the transcription initiation site, exons and the intron, and 1.2 kb of 3'-flanking region of the human CRP gene, was amplified from human genomic DNA purchased from the Coriell Institute for Medical Research (Camden, NJ, USA) and cloned into a TA cloning vector (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). This fragment was then released by restriction enzymes and inserted into a vector downstream of the mouse albumin enhancer/promoter element. The construct was verified by restriction enzyme mapping and DNA sequencing. The plasmid ALB-hCRP contained a 3.5-kb mouse albumin enhancer element (-8.5 to -12 kb) and a 0.3 kb promoter element (-300 to +22) as well as the human CRP gene. A 4.3-kb fragment ( Fig. 1) was released from the ALB-hCRP construct by HindIII/BglI digestion, purified with agarose gel electrophoresis and a QIAquick Polymerase Chain Reaction (PCR) Purification kit (Qiagen, Inc., Valencia, CA, USA). To generate transgenic founders, fertilized eggs from Sprague Dawley (SD) rats were microinjected with the transgene fragment; this was performed by the University of Michigan Transgenic Animal Model Core Facility (Ann Arbor, MI, USA). Transgenic founders were identified by genotyping with the primers presented in Fig. 1 , and mated with non-transgenic rats to produce F1 progeny (19, 20) . Rats were anesthetized with isoflurane (Laser Animal Health, Sydney, Australia) and a 0.2-cm tail biopsy was excised and collected. Genomic DNA was extracted from the tail biopsies with DNeasy Blood & Tissue Kit (catalog no. 69506; Qiagen GmbH, Hilden, Germany) and PCR was performed in 20-µl reactions, containing 5 ng genomic DNA, 5 µM each primer (forward, 5'-ACA TAC GCA AGG GAT TTA GTC-3'; reverse, 5'-AAC AGC TTC TCC ATG GTC AC-3'), 5 mM dNTP, 2 µl 10X PCR buffer and 1 unit Taq polymerase (catalog no. 180384042; Thermo Fisher Scientific, Inc.). Amplification was performed for 35 cycles of 94˚C for 30 sec, 55˚C for 30 sec and 72˚C for 1 min, using a GeneAmp ® PCR System 9600 (Applied Biosystems; Thermo Fisher Scientific, Inc.). PCR products were then visualized on 1% agarose gels following ethidium bromide staining.
Samples. Rats were anesthetized using isoflurane. Blood samples were collected from anesthetized transgenic rats and three human patients who volunteered for this research from the Inpatient Cardiology Department of the First Affiliated Hospital of Xi'an Jiaotong University (Table I) in 10-ml tubes without anticoagulant. Samples were allowed to clot for 1 h at room temperature, and then centrifuged at 2,220 x g at 4˚C for 10 min to separate the serum. All 12 rats were sacrificed with 70% CO 2 following anesthesia at the same time at 9, 14 and 37 weeks of age, as the 9-and 37-week-old rats belonged to separate generations. Liver, pancreas, kidney, aorta, heart and muscle were collected from transgenic rats. Harvested tissues (30 mg) were snap frozen in liquid nitrogen and homogenized with a Teflon glass homogenizer in extraction medium (protease inhibitor cocktail (catalog no. P8340-5; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) diluted 1:30 in tissue protein extraction reagent (catalog no. 78510, Thermo Fisher Scientific, Inc.). Following centrifugation at 13,200 x g at 4˚C for 10 min, an aliquot of the supernatant was used to determine the protein concentrations using the bicinchoninic acid assay and a BioPhotometer (Eppendorf, Hamburg, Germany).
Enzyme-linked immunosorbent assay (ELISA) for human CRP.
The concentration of human CRP in the samples was measured by ELISA using a commercial hsCRP ELISA kit (catalog no. 961CRP01H-96; Helica Biosystems, Inc., Santa Ana, CA, USA). Samples were measured in duplicate, and experiments were repeated more than three times.
Western blot analysis. Total proteins (20 µg) were denatured at 70˚C for 10 min, mixed with NativePAGE Sample Buffer (Thermo Fisher Scientific, Inc.), electrophoresed on Novex 4-12% Tris Glycine Midi Protein Gels (Thermo Fisher Scientific, Inc.) and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% milk for 1 h and incubated with anti-human CRP antibodies overnight: Mouse anti-CRP (1:500; clone, C6; catalog no. M86284M; Meridian Life Science, Inc., Cincinnati, OH, USA), mouse anti-CRP (1:500; clone, C5; catalog no. M86005M; Meridian Life Science, Inc.) and mouse anti-CRP (1:500; polyclonal; catalog no. ab52687; Abcam, Cambridge, MA, USA). The membranes were washed 3 times with TBST (1% serum albumin in 50 mM Tris-HCl, pH 7.4, containing 0.05% Tween-20) at room temperature and incubated with a horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody (1:2,000; catalog no. sc-2005; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at room temperature for 1 h. Membranes were washed three times, visualized with SuperSignal West Pico Chemilluminescent substrate (Thermo Fisher Scientific, Inc.) for 5 min and exposed to X-ray film. Densitometry was performed using Image J 2.1.4.7 software (National Institutes of Health).
Statistical analysis. Data are expressed as the mean ± standard deviation. Differences between groups were analyzed using ANOVA for more than two variables. Where ANOVA revealed a significance, post hoc comparisons were made by means of Tukey's range test. Statistical analysis was performed using SAS 9.3 software; SAS Institute, Inc., Cary, NC, USA. P<0.05 was considered to indicate a statistically significant difference.
Results

Characterization of transgenic rats.
A total of nine founders were identified. Transgenic founders were bred with wild-type SD rats to establish transgenic lines. The offspring of these breeding pairs containing the ALB-hCRP transgene were identified by PCR using primers presented in Fig. 1 and genomic DNA obtained from tail biopsies. In addition, human hsCRP ELISA was performed on the founders to identify the transgenic lines with detectable levels of human CRP in the blood (Fig. 2) . Lines were selected for use in subsequent experiments on the basis of this ELISA. Male heterozygous offspring were included in the present study.
Multimeric isoforms of human CRP in the blood of transgenic rats. Blood was collected from the tail veins of 11 human CRP transgenic rats from the 4 independent transgenic founder lines. In the non-reducing western blot analysis it was observed that CRP was detected as a series of bands, rather than as a pentamer only; in addition to bands the size of pCRP, three additional bands were observed, with sizes consistent with tetrameric, trimeric and dimeric CRP (Fig. 3A) . The CRP band patterns were reproducible using different CRP-specific antibodies (Fig. 3B) and were observed to be identical between serum and plasma (Fig. 3C) . mCRP was not observed in these experiments (Fig. 3) . Notably, the appearance of the trimer and tetramer appeared to be associated with age, as these non-traditional multimeric isoforms were observed only in the 14-and 37-week-old rats, and not in the 9-week-old rats (Fig. 3) . The fractional composition of different CRP multimeric isoforms is presented for each age group (Fig. 3A and Table II) . To examine the cross-reactivity of antibodies for human and rat CRP, a 38-week-old wild-type control was included (lane 12, Fig. 3A) , in which only the pentamer and dimer were observed.
To assess the specificity of the CRP-specific antibodies used in the western blotting experiments, three antibodies were purchased from two companies and compared using serum and plasma from transgenic rats (Fig. 3) . The results were identical with different antibodies. M86284M (Meridian Life Science, Inc.) and ab52687 (Abcam) cross-reacted with the rat endogenous CRP, which revealed only pentamer and dimer in the blood of the wild-type rat (Lane 12, Fig. 3A and B) . The bands of tetramer and trimer were unique in transgenic rats compared with the wild-type rats, indicating that these two multimeric isoforms were specifically derived from transgenic rats. All three anti-human CRP antibodies used in western blotting consistently detected trimers and tetramers in the transgenic rats (Fig. 3) . This multimeric phenomenon was observed in all three CRP transgenic lines (Fig. 3) .
Multimeric isoforms of human CRP in various tissues of transgenic rats.
In addition to serum and plasma, six tissues of the ALB-hCRP transgenic rats were analyzed for human CRP protein expression levels: Aorta, liver, kidney, pancreas, heart and skeletal muscle. mCRP was not observed in the tissues, as for the blood. Similar to the observations in blood, CRP was present in a series of bands in all tissues analyzed using non-reducing western blotting (Fig. 4A) . Notably, the appearance of trimers and tetramers again appeared age-associated, as these non-traditional multimeric isoforms were observed only in the 37-week-old rats and not in the 9-week-old rats. It is possible that the inter-subunit disulfide bond may give rise to additional oligomeric bands (21) . Furthermore, the additional bands may represent a homogenous protein complex formed by dissociated CRP subunits or a heterogenous protein complex formed by dissociated CRP subunits and other plasma or tissue proteins (22, 23) .
Multimeric isoforms of CRP in the blood of human patients.
Three human patients were recruited, among whom, individuals a and b were patients with coronary heart disease, and individual c was a patient with congenital heart disease as control. A hsCRP ELISA was performed prior to western blotting analysis. The CRP levels in the blood were 32.2 µg/ml in patient a, 25.8 µg/ml in patient b and undetectable in individual c. Non-reducing western blotting was performed using the M86284M monoclonal antibody (Meridian Life Sciences, Inc.). CRP was detected in pentamer, tetramer and dimer isoforms (Fig. 4B) .
Discussion
The present study demonstrated that CRP may be present in various conformational isoforms in addition to pentamers. (A) Detection of human CRP isoforms by non-reducing western blotting with anti-human CRP monoclonal antibody, catalog no. M86284M (Meridian Life Sciences, Inc.), and fractional composition of CRP multimeric isoforms for each age group following densitometric analysis. (B) The membrane was then stripped and re-blotted with anti-human CRP antibody, catalog no. ab52687 (Abcam). A total of 12 rats were analyzed, 11 transgenic rats from 4 transgenic lines and one wild-type control littermate (rat 12) at 38 weeks old. Rats 1, 2, 5 and 11 belong to transgenic line 519; rats 3, 4, 6, 7 and 10 belong to line 539; rat 8 belongs to line 538; rat 9 belongs to line 514. (C) Detection of human CRP isoforms by non-reducing western blotting with anti-human CRP antibody, catalog no. M86005M (Meridian Life Sciences, Inc), in the plasma (samples 13, 15 and 17) and serum (samples 14, 16 and 18) of three transgenic rats (line 519, F1 offspring). Samples 13, 14, 15 and 16 were from two 9-week old transgenic rats, whereas samples 17 and 18 were from a 37-week old transgenic rat. CRP, C-reactive protein. Table II . Human C-reactive protein concentrations in the serum of transgenic rats at various ages, quantified from western blot analysis using the M86284M antibody (Meridian Life Sciences, Inc.) and analyzed using Image J software. Table I . The characteristics of human participants. As the conformation may be critically associated with the functionality of CRP (12, 15, 16, 24, 25) the presence of these isoforms in various tissues indicted that CRP conformation should be considered when analyzing the pathological roles of CRP in cardiovascular disease and when using hsCRP as a marker for clinical diagnosis.
There are various possibilities that may result in the differences in the detection of CRP trimers and tetramers between young and older rats. First, the detection of additional bands in older rats may be due to a greater concentration of CRP, which may enable the detection of other isoforms besides the pentamer. Second, older rats may have certain physiological conditions that alter the aggregation of mCRP or the degradation of pCRP. For example, calcium and sodium concentration may be involved in CRP aggregation (8, (26) (27) (28) (29) (30) , and has been associated with diseases of the elderly. It is estimated that almost 60% of dietary calcium is absorbed during childhood and early adulthood; beyond 35 years old, the absorption rate typically decreases to 20%. The possibility that pCRP dissociated in non-reducing gels during the western blotting procedure performed in the present study has been eliminated by using extreme denaturing conditions in denaturing gel western blotting, in which trimers were still observed (data not shown). The local calcium concentration in the gel during electrophoresis is unknown. However, even if calcium dictates the formation of the novel multimeric isoforms of CRP, as calcium levels vary in human patients and among different tissues, the discovery of other CPR isoforms may be important. The mechanisms underlying the age-associated appearance of CRP trimers and tetramers remain to be elucidated.
Conformation of CRP may be critically associated with its function. Previous studies have demonstrated that mCRP and pCRP have opposing functions: mCRP induced interleukin-8 secretion by neutrophils (24) and human coronary artery endothelial cells (16) , increased neutrophil-endothelial cell adhesion (25) and inhibited neutrophil apoptosis (31) . By contrast, native pentameric CRP failed to affect neutrophil apoptosis (31) . The accumulation of mCRP but not pCRP has been reported in human atherosclerosis (12) . Therefore, mCRP may be the active isoform that contributes to atherogenesis by modulating monocyte behavior (32) . The functional roles of trimeric and tetrameric CRP in different tissues remain unknown. It has been recently reported that CRP may be present in isoforms greater than pentamers (33) . Taken together, these results suggest that CRP may exist in multiple conformational isoforms beyond the well-defined pentamers and monomers.
The association between increased concentrations of hsCRP and future cardiovascular events has been well established. The current ELISA-based hsCRP assays distinguish pentameric molecules from other multimeric CRP isoforms; furthermore, these serum-based ELISA assays do not provide information on CRP concentration and conformation in other tissues. At the transcriptional and protein levels, CRP is expressed at varying levels in different human tissues (13, (34) (35) (36) . The locally-produced CRP within tissues may exert its functions locally or systemically via the bloodstream. The recently identified CRP promoter mutation in cancers with enhanced CRP expression may support the functional importance of CRP in regulating local inflammation (37) . It may be useful to determine whether the CRP levels and conformation within tissues is important in the pathogenesis of diseases; however, it is unclear if a polymorphism exists regarding CRP conformation in humans, and if the CRP conformational alterations are associated with disease pathogenesis and diagnosis.
In conclusion, the results of the present study suggested that CRP may exist in multiple multimeric isoforms. These results indicated that it may be beneficial to investigate CRP Figure 4 . Multimeric isoforms of CRP in various tissues of transgenic rats and in human blood. (A) Human CRP isoforms were analyzed in the tissues of transgenic rats by non-reducing western blotting with an anti-human CRP monoclonal antibody (M86284M, Meridian Life Sciences, Inc.). The tissues were perfused to eliminate blood prior to processing. As for blood, dimer, trimer, tetramer and pentamer isoforms were detected in all six tissues, with the trimer and tetramer isoforms appearing only in the 37-week-old rats. (B) Three human subjects were recruited, among which individuals a and b were patients with coronary heart disease and individual c was a male with congenital heart disease who was recruited as a control. Non-reducing western blotting was performed using the M86284M monoclonal antibody (Meridian Life Sciences, Inc.). CRP was detected in pentamer, tetramer and dimer isoforms in patients a and b, and was undetectable in individual c. CRP, C-reactive protein.
conformation, in addition to the CRP concentration currently measured as hsCRP in the clinic.
